Background: Cognitive behavioral therapy (CBT) is an effective treatment for
| INTRODUC TI ON
Obsessive-compulsive disorder (OCD) is a chronic psychiatric disorder and associated with significant anxiety, distress, and social dysfunction (Weissman, Bland, Canino, & Greenwald, 1994) . The worldwide prevalence is 2%-3% (Horwath & Weissman, 2000) .
However, the neurobiological mechanisms of OCD are still unknown.
Several studies revealed a positive correlation between white matter (WM) alterations and the severity of OCD symptoms. In these studies, Garber et al found the differences in the orbital PFC were strongly correlated with symptom severity in OCD patients (Garber, Ananth, Chiu, & Griswold, 1989) . Duran et al found that patients' symptom was positively correlated with WM volume in the anterior limb of the internal capsule (ALIC; Duran, Hoexter, Valente, Miguel, & Busatto, 2009 ). MRS studies found that OCD patients showed WM abnormalities in frontal (Whiteside, Port, Deacon, & Abramowitz, 2006) and parietal (Kitamura et al., 2006) , which were positively correlated with the severity of symptoms. All aforementioned studies suggest that the defects of WM may suggest a neurobiological basis for OCD.
Diffusion tensor imaging (DTI) is a noninvasive technique to in-
vestigate WM microstructures. DTI is sensitive to the orientation and integrity of the underlying WM fiber in vivo. Fractional anisotropy (FA) is the most commonly used index to detect this anisotropy and is deemed a sensitive marker of changes in tissue microstructures.
Some DTI studies exhibited WM integrity abnormalities in some brain regions within the fronto-striato-thalamo-cortical loop and other regions (e.g., limbic, parietal, cerebellar) in OCD patients. For example, Szeszko et al. (2005) identified that OCD patients showed lower FA bilaterally in the ACC, parietal gyrus, right PCG, and left lingual gyrus. Cannistraro et al. (2007) found significantly greater FA in the cingulate bundle bilaterally and in the left anterior limb of the internal capsule of patients. Lochner et al. (2012) found that OCD patients exhibited increased FA in bilateral ALIC as well as decreased FA in the right anterior limb near the head of the caudate. Saito et al. (2008) observed a significant reduction in FA in the rostrum of the corpus callosum of patients. Garibotto et al. (2010) revealed that patients showed significantly lower FA in the corpus callosum (CC), cingulum, superior longitudinal fasciculus, and inferior fronto-occipital fasciculus bilaterally. Fan et al. (2012) found that OCD patients exhibited decreased FA in left SFG, temporo-parietal lobe, and MOG as well as striatum WM. Using tract-based analyses, Benedetti et al. (2013) found that drug-treated patients showed widespread FA decreases and RD increases compared to drug-naïve patients and healthy controls. Fontenelle et al. (2011) found that patients showed decreased FA and increased MD in genu of capsula interna. In some studies, patients showed decreased FA in body of CC (Bora et al., 2011) , increased FA in genu and body of CC (Li et al., 2011) , and decreased FA in anterior body of CC (Nakamae et al., 2011) , respectively. In another studies, patients showed increased AD in CC (Jayarajan et al., 2012) and decreased AD in CC (genu, splenium; Silk, Seal, & Vance, 2013) respectively. In meta-analyses, Radua et al. (2007) reported that patients with OCD may have widespread WM abnormalities, which are particularly prominent in anterior midline structures. The findings are broadly consistent with both the classic fronto-striatal model of the disorder and also with more recent "systems" approaches, which emphasize the implication of multiple other brain systems (fronto-limbic, fronto-parietal) in OCD. These studies outline a mechanism for the WM disconnections found in the brains of OCD patients.
Short range and maneuverable CBT has been recognized as an effective treatment for OCD (Bolton & Perrin, 2008) . Based on cognitive theory, this treatment adopts cognitive and behavioral methods and techniques to address cognitive disruption, achieving a recovery rate of 58%-76% (Whittal, Thordarson, & McLean, 2005) .
Despite these benefits, a biological perspective of the mechanisms of CBT in OCD patients has yet to be defined.
Several neuroimaging studies have indicated that CBT could induce anatomical and functional changes in the brains of OCD patients. Hoexter et al. (2012) found that abnormalities in gray matter volume in the left putamen were no longer detectable after CBT.
Functional MRI (fMRI) studies have elaborated upon findings that outline the effects of CBT on brain activity in OCD patients. Freyer et al. (2011) found that the caudate nucleus showed increased activity in OCD patients after CBT. In addition, Olatunji et al. (2014) found that activation in the anterior temporal pole and amygdala was most strongly associated with a better treatment response to CBT.
A further fMRI study found that the hemodynamic response of the left OFC and ACC to obsession-inducing images decreased following a three-month course of CBT (Morgieve, Haynes, Granger, Clair, & Pelissolo, 2014) . According to the results outlined above, an effective CBT program generates changes in the structure and function of these brain regions, thereby leading to an improvement in symptoms.
However, no study has examined WM changes in these brain regions or tissues following treatment with CBT. As these brain regions are connected by WM fibers, we hypothesized that an effective course of CBT would restore the connection of WM fibers in the fronto-striato-thalamo-cortical circuit and other regions (e.g., limbic, parietal, cerebellar) of OCD patients and facilitate the recovery of function and structure, thus leading to an improvement in symptoms.
We utilized the DTI method to investigate WM abnormalities located within the fronto-striato-thalamo-cortical circuit of patients with OCD both before and after CBT.
| ME THODS

| Participants
The study included 85 OCD patients (female/male: 33/52; mean age:
27.6 ± 6.7 years) and 90 healthy controls (female/male: 25/65; mean age: 28.2 ± 6.8). The Structured Clinical Interview from the DSM-IV Axis I Disorders was carried out and all patients satisfied the DSM-IV diagnostic criteria for OCD (DSM-IV 1994 (Goodman et al., 1989 ) was used to assess symptom severity. Only patients who scored ≥16 on the Y-BOCS were included. Each patient completed the 17-item Hamilton Depression Rating Scale (Hamilton, 1960) and the 14-item Hamilton Anxiety Rating Scale (Hamilton, 1959) 
| Treatment with CBT
Patients were randomly allocated to a therapist and received a 12-week individual CBT program that consisted of 14 sessions. None of the patients took psychoactive medication during the treatment period. CBT was provided by four experienced therapists at postgraduate level who had completed 320 hr of CBT training. Prior to the study, all therapists received one month of training that was facilitated by qualified CBT trainers. The therapists provided the treatment in line with the guidance provided in the treatment manual of CBT for OCD and accepted 1 hr of supervision each week with a senior therapist for the duration of the research period. This study compiled a CBT manual based on the researchers' previous CBT trainings and the existing treatment manual of CBT for OCD (Whittal et al., 2005; Wilson & Chambless, 2005) . This treatment manual consisted of 14 sessions, and each session was 60 min in duration (Yang et al., 2015) . The CBT program was deemed effective when there was a decrease of more than 35% in the total Y-BOCS score, in accordance with practice guidelines for the treatment of OCD (Koran, Hollander, Nestadt, & Simpson, 2007) .
| Measurements and evaluation
Four raters independently assessed patients using the Y-BOCS, HAMD, and HAMA scores at baseline and at 12 weeks. The raters were not involved in the CBT interventions. Prior to the study, the four raters participated in joint training sessions and had an interrater reliability (i.e., intraclass correlation) of >0.85 for all assessment scales with respect to ten OCD patients.
| Brain image acquisition
All patients and healthy controls were scanned for DTI data using 
| Brain imaging data processing
We adopted a voxel-based analysis (VBM) in our study, which had been used in previous studies (Menzies et al., 2008; Szeszko et al., 2005; Yoo et al., 2007) . The data preprocessing steps were as follows: All the data were processed by using Statistical Parametric 
| Statistical analysis
An independent t test was performed with the age, gender, highest diploma level, and brain size of each participant as covariates to explore differences in FA values between OCD patients and HCs.
A false discovery rate (FDR) procedure was performed to correct for multiple comparisons at a q value of 0.05. The pre and posttreatment differences in FA values were compared for patients who responded to CBT using a paired t test. We further examined the relationship between FA values and the Y-BOCS scores for OCD groups using Pearson's correlation analysis with age, gender, highest diploma level, and brain size as covariates.
| RE SULTS
| CBT treatment outcome
Patients showed significant improvement posttreatment compared with pretreatment. In total, 38 of the 56 patients were identified as having responded to this change (i.e., defined as a minimum reduction of 35% in the Y-BOCS score).
| FA analysis in pretreatment OCD patients and HCs
Compared with HCs, OCD patients showed significantly decreased FA values in the right orbital frontal cortex, left orbital frontal cortex, right cerebellum, and left superior parietal gyrus, while higher FA values were exhibited in right putamen nucleus WM (Table 3 , Figure 1 ). 
| FA analysis in pretreatment and posttreatment OCD patients
| D ISCUSS I ON
This is the first DTI study to investigate the effects of CBT on WM in unmedicated OCD patients. At baseline, we found that patients with OCD showed WM abnormalities located within the frontostriato-thalamo-cortical circuit (i.e., orbital frontal cortex, putamen nucleus) and other brain regions (i.e., cerebellum, superior parietal gyrus). Following an effective program of CBT for OCD patients, the recovery of WM fiber connections occurred in some brain regions and was correlated with an improvement in obsessive-compulsive symptoms.
F I G U R E 2
Regions with significant differences in FA value between pre and posttreatment OCD patients (p < 0.001, corrected). The OCD patients showed significantly higher FA values in the right middle frontal gyrus, left orbital frontal cortex, right cerebellum, left middle temporal gyrus and decreased FA values in the right putamen nucleus after CBT. T-score bars were shown on the right. Red and blue denote higher and lower FA value, respectively
| Abnormalities of white matter microstructure in unmedicated patients with OCD
In our study, we found that OCD patients showed significantly and demonstrated an improvement in symptoms following a 6-month course of drug treatment. Moreover, activity of the lateral putamen was reduced. FMRI studies and a meta-analysis also implicated the putamen during both symptom provocation and initiation of compulsive behaviors (Banca et al., 2015; Ilieva, Thorsen, & Michel, 2018) . A meta-analysis reported that the left putamen showed significantly less FA in OCD patients than healthy controls (Eng, Sim, & Chen, 2015) . Our results also showed abnormalities of WM microstructure in the right putamen, thus further validating the abnormalities of the fronto-striato-thalamo-cortical loop in We found that the value of FA in right cerebellar WM was decreased in OCD patients. The cerebellum is located in the rear of the cerebral hemisphere, covering the pontine and the medulla, between the mesencephalon and the medulla. The cerebellum is involved in muscle tension and maintaining body posture, as well as in the coordination of random movements through its rich afferent and efferent fibers with the cerebrum, the brain stem, and the spinal cord. The cerebellum is also implicated in cognitive function, such as sports learning memory, language, executive functioning (Stoodley, 2012) . There are few studies investigating the cerebellum in OCD patients. Kim and his colleagues (Kim et al., 2001) found decreased gray matter density in the cerebellum of OCD patients; Pujol et al. (2004) found increased gray matter volume in the cerebellum of OCD patients; Nabeyama et al. (2008) found that activity in the cerebellum was enhanced in the Stroop-task state and the symptom-activation state. However, while no study has examined microstructural WM changes in the cerebellum in OCD patients, studies investigating changes in cerebellar volume in patients have suggested that the structural basis of OCD may be explained by WM abnormalities. Our study was first verified using DTI technology. In combination with its function, we hypothesized that WM lesions (WMLs) in the texture of the cerebellum may cause dysfunction, resulting in recurrent compulsions and diminished inhibition.
Comparable to healthy controls, we also found a decrease in the FA value of WM in the left parietal superior gyrus in patients with OCD. The parietal cortex is known to involve attention and visual-spatial processes as well as various executive functions, such as task switching, planning, and working memory (Posner & Petersen, 1989) . The DTI study examining the role of the parietal lobe in OCD yielded few findings. Utilizing the VBM method, Menzies et al. (2008) found that the FA value of WM fiber in the right parietal inferior gyrus of patients was lower than that of the control group; Szeszko et al. (2005) found that the FA value of WM in the bilateral parietal lobe was reduced, and the decreased FA Nakao et al. (2005) found that after a 12-week treatment program of CBT, the activation intensity of the orbital frontal cortex, the dorsolateral prefrontal cortex, and the anterior cingulate gyrus caused by symptoms was weakened, while the activation intensity of the temporal cortex and cerebellum increased in OCD patients.
In another study, the cerebral volume of 29 pediatric patients with OCD and 29 healthy controls was compared using VBM both before and after CBT (Huyser et al., 2013) . In comparison with healthy controls, the results revealed an increase in orbitofrontal gray matter in OCD patients after CBT, and orbitofrontal gray matter volume was positively correlated with changes in symptom severity after CBT. The putamen is a part of the classical anomalous loop in OCD. Hoexter et al. (2012) found volume reductions in the left putamen in OCD patients and that the volume in the putamen increased after fluoxetine treatment. The temporal lobe is associated with speech integration, emotions, executive functioning, and memory (Nakao et al., 2009) . It is connected with the orbitofrontal cortex, ventral prefrontal lobe, dorsolateral prefrontal lobe to form the interconnected fronto-striato-thalamo-cortical loop, and changes within these functional connections may disrupt the balance between direct or indirect pathways, thus resulting in compulsive behavior (den Braber et al., 2011) . In a functional MRI study, Sanematsu et al. (2010) found that after 12 weeks of fluvoxamine treatment, activity in the left temporal gyrus, left cuneate, right cerebellum, and right frontal cortex was enhanced during active symptoms of OCD, and activity in the left temporal gyrus and right cerebellum could predict the response of patients to fluvoxamine. In another study, Olatunji et al. (2014) found that the anterior temporal pole and amygdala showed the strongest association with a better treatment response with CBT. As outlined in these studies, pharmacological agents and psychotherapeutic interventions may lead to structural cerebral changes in patients with OCD, which was supported by our findings. 
| LI M ITATI O N S
| CON CLUS ION
This study utilized the DTI method to investigate WM abnormalities in patients with OCD both before and after CBT. We found that patients showed WM abnormalities in the fronto-striato-thalamocortical circuit (i.e., orbitofrontal cortex, putamen nucleus) and other brain regions (i.e., cerebellum, superior parietal gyrus). OCD patients showed recovery of WM fiber connections in some regions (i.e., the left orbitofrontal cortex, right cerebellum, right putamen nucleus)
after an effective program of CBT, and the recovery of WM fiber connections was correlated with an improvement in obsessive-compulsive symptoms. Our data suggest that such changes can help us to explore the imaging mechanisms of CBT for the alleviation of obsessive-compulsive symptoms.
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